Vitamin A must be adequately distributed within the body to maintain the functions of retinoids in the periphery and chromophore production in the eyes. Blood transport of the lipophilic vitamin is mediated by the retinolbinding protein, RBP4. Biochemical evidence suggests that cellular uptake of vitamin A from RBP4 is facilitated by a membrane receptor. This receptor, identified as the Stimulated by retinoic acid gene 6 (Stra6) gene product, is highly expressed in epithelia that constitute blood -tissue barriers. Here we established a Stra6 knockout mouse model to analyze the metabolic basis of vitamin A homeostasis in peripheral tissues. These mice were viable when bred on diets replete in vitamin A, but evidenced markedly reduced levels of ocular retinoids. Ophthalmic imaging and histology revealed malformations in the choroid and retinal pigmented epithelium, early cone photoreceptor cell death, and reduced lengths of rod outer segments. Similar to the blood -retina barrier in the RPE, vitamin A transport through the blood -cerebrospinal fluid barrier in the brain's choroid plexus was impaired. Notably, treatment with pharmacological doses of vitamin A restored vitamin A transport across these barriers and rescued the vision of Stra6 2/ 2 mice. Furthermore, under conditions mimicking vitamin A excess and deficiency, our analyses revealed that STRA6-mediated vitamin A uptake is a regulated process mandatory for ocular vitamin A uptake when RBP4 constitutes the only transport mode in vitamin A deficiency. These findings identifying STRA6 as a bona fide vitamin A transporter have important implications for disease states associated with impaired blood vitamin A homeostasis.
INTRODUCTION
Microphthalmia is a birth defect with an estimated incidence of 1 -3.2 cases per 10 000 live births (1) . The association of microphthalmia with extraocular findings is common and can result in complex clinical syndromes (2, 3) . Among them, the MatthewWood syndrome (MWS, also known as Spears Syndrome and Human Micro Ophthalmic Syndrome 9) is characterized by severe bilateral microphthalmia in combination with pulmonary dysplasia, cardiac defects and diaphragmatic hernia (4, 5) . Additionally brain anomalies, mental retardation and malformations of the kidneys, pancreas and gastrointestinal tract have been described in affected individuals (4 -6) .
MWS is an autosomal recessive disease associated with mutations in the stimulated by retinoic acid 6 (STRA6) gene (4, 5) . Both missense and nonsense mutations in this gene have been associated with clinical symptoms of MWS and early childhood death (4, 5) . However, survivors with STRA6 null mutations also have been identified in genetic screens of patients with microphthalmia (3, 5) . Variability in the clinical manifestations of STRA6 mutations has even been found in consanguine family members. In an Irish family, the same homozygous missense mutation was manifested as either fatal MWS or an isolated microphthalmia (7) .
STRA6 encodes an integral membrane protein expressed in embryonic and adult tissues. Epithelia constituting bloodtissue barriers express especially high levels of STRA6, including the retinal pigment epithelium (RPE) of the eyes, ependymal cells of the choroid plexus (CP) in the brain and Sertoli cells of the testis (8) . Biochemical studies indicate that STRA6 is the long-proposed cellular receptor for the serum retinol-binding protein, RBP4 (9, 10) . RBP4, a 21 kDa lipocalin that is produced in the liver, transports stored vitamin A to peripheral cells (11, 12) . Studies in cell culture test systems revealed that STRA6 acts as a retinoid channel that facilitates the bidirectional flux of vitamin A between extracellular and intracellular compartments (9,13 -15) . In this process, cellular accumulation of vitamin A is driven by esterification via lecithin: retinol acyl transferase (LRAT) (13, 14, 16) .
Birth defects described in MWS patients are consistent with the established role of vitamin A in mammalian development (17, 18) . Accordingly, studies with recombinant STRA6 demonstrated that disease causing STRA6 missense mutations either interfered with intracellular STRA6 protein transport or significantly reduced vitamin A uptake (7, 19) . However, Stra6 knockout mice display only ocular vitamin A deficiency (20) but otherwise appear healthy (21, 22) . The phenotype of these mice resembles that of mice deficient for the STRA6 ligand, RBP4; RBP4 knockout mice show ocular retinoid-deficiency and visual impairments (11) . Moreover, compound missense mutations in the RBP4 gene in humans manifest as mild ocular defects and night blindness (23, 24) .
The discrepancy between the clinical manifestations of mutations in RBP4 and STRA6 in humans has led to the speculation that additional genetic alterations must be present in MWS patients (21) . Additionally, a role of the STRA6 protein beyond its function as a vitamin A transporter has been proposed but remains controversial (25 -27) . Furthermore, elevated levels of RBP4 have been associated with diabetes and an increased risk of cardiovascular disease (28, 29) . Thus, the biochemical role of STRA6 in cellular vitamin A uptake homeostasis from RBP4 and the putative connection between STRA6 and these diseases requires clarification.
The increasing number of cases and their Mendalian inheritance suggest a causative relationship between STRA6 and MWS (2) . We speculated that the variability in the clinical manifestations of STRA6 mutations is caused by stochastic effects. A putative factor in this process is that dietary vitamin A itself, when present in copious amounts, could mitigate the consequences of STRA6 deficiency. Thus, we generated a Stra6 knockout mouse model and analyzed the pathological consequences of STRA6 mutations for cellular retinoid uptake by peripheral tissues under variable conditions of dietary vitamin A supply. Our studies both indicate that STRA6 is indeed a bona fide vitamin A transporter and provide novel insights into the regulatory mechanism that governs vitamin A homeostasis in peripheral tissues. This information will improve understanding of human disease states associated with impaired blood vitamin A homeostasis and could yield concepts for their prevention and therapy.
RESULTS

Different phenotypic manifestations of mutant Stra6 alleles
In a classical gene knockout approach, a 603 bp DNA fragment including the start site harboring exon 2 of the Stra6 gene was replaced by a neomycin resistance selection cassette flanked by two loxP sites (Stra6 neo allele) (Fig. 1A) . Mice homozygous for the mutant Stra6 allele (Stra6 neo/neo mice) were born in a Mendelian ratio, exhibited a very small body size and weight and failed to thrive (Supplementary Material, Fig. S1A ).
Stra6
neo/neo mice had a rounded and enlarged cranium (Supplementary Material, Fig. S1B ). This cranial morphology has been described in hydrocephalic mice and magnetic resonance imaging (MRI) confirmed swollen brain ventricles of 21-day-old Stra6 neo/neo mice (Supplementary Material, Fig. S2A and B) . To analyze the time course of this pathology, we isolated brains from staged mice and performed histology. Coronal cross-sections through the brain revealed that swelling of the ventricles could already be observed in 2-day-old animals ( Supplementary Material, Fig. S2C ). In 10-day-old Stra6 neo/neo mice, swelling had progressed and damage was obvious in some brain areas, e.g. the corpus callosum (Supplementary Material, Fig. S2C ). At weaning time (P21), swelling of the ventricular system had progressed and gross damage to the brain area was obvious (Supplementary Material, Fig. S2C ).
The CP plays a critical role in controlling intracranial pressure (30) . Stra6 is expressed in ependymal cells of the CP and other parts of the blood-brain barrier (8) and vitamin A has been proposed to play an important role in the development and maintenance of these structures (31) . However, Stra6 neo/neo mice did not develop other anomalies reported in MWS patients (data not shown). Additionally, published Stra6 knockout mouse models did not display hydrocephalus and were viable (21) . Hence, we wondered if the fatal brain phenotype of Stra6 neo/neo mice was related to nonspecific effects of the mutant allele. Several reports indicated that a neo R selection cassette insertion into a target gene can result in nonspecific phenotypes, e.g. by influencing the expression of neighboring genes (32, 33) . To address this possibility, we intercrossed mice heterozygous for the Stra6 neo allele with a transgenic mouse line that expresses Cre Recombinase under control of the adenovirus EIIa promoter. This promoter targets Cre-Recombinase activity to early embryonic cells and tissues, including germ cells. We confirmed the Cre-Recombinase-mediated excision of neo R in the progeny of these mice by PCR and DNA sequencing. We then intercrossed these mice to establish mice homozygous for the Stra6 allele with the 'floxed out' neo R selection cassette (Fig. 1A) . These mice were born in a Mendelian ratio and were viable. Moreover, they developed no apparent signs of hydrocephalus as did their forerunners with the neo R selection cassette insertion in the Stra6 gene. To demonstrate that Stra6 gene function was genetically disrupted in these mice, we isolated mRNA and protein from the RPE. RT-qPCR analysis showed that Stra6 mRNA expression was highly reduced in these cells (Fig. 1B) . For immunoblotting, we tested two commercially available antisera that have been used for STRA6 detection in previous studies (20, 25) . In our hands, the antibody from Everest Biotech Ltd. (Upper Heyford, UK) did not detect recombinant human STRA6 as previously reported (25) . Surprisingly, this antibody detected a protein of 75 kDa in all analyzed tissues including the RPE of the knockout mice (Supplementary Material, Figs S1C and S3A). In contrast, the Abcam (Cambridge, MA, USA) antiserum detected recombinant human STRA6 and a protein of 80 kDa in the RPE of WT mice that was absent in mice homozygous for the mutant Stra6 allele (Fig. 1C) . The same picture emerged when we used Abcam antibody for immunostaining (Fig. 1D) . Here, a STRA6 was detected at the basolateral membrane of the RPE in heterozygous mice but was absent in mice homozygous for the Stra6 mutant allele. Hence, we concluded that STRA6 was genetically disrupted and designated Human Molecular Genetics, 2014, Vol. 23, No. 20 5403 these mice as Stra6 null mice (Stra6 2/2 ). These mice and their heterozygous siblings (Stra6 +/2 ) were used for further experiments described below.
STRA6 is required for eye development and function
RT-qPCR analysis of murine tissues showed that Stra6 mRNA expression was highest in the eyes (Fig. 2) . Hence, we first analyzed the consequences of STRA6 deficiency in this tissue. HPLC analysis revealed that 4-week-old Stra6 2/2 mice presented a 7-fold reduction in the amount of total ocular retinoids as compared with their heterozygous siblings (Fig. 3A) . This reduction was noted for all visual cycle intermediates, including 11-cis-retinal (Fig. 3B ). Stra6 2/2 mice also developed photoreceptor anomalies described for vitamin A-deficient retinas (34) . Rod outer segment lengths were shortened and the number of cone photoreceptors was reduced (Fig. 3C) . Accordingly, both scotopic and photopic electroretinography (ERG) responses were markedly diminished in the eyes of these mice (Fig. 3D) , demonstrating that STRA6 deficiency impaired ocular vitamin A uptake, homeostasis and vision.
We next wondered whether STRA6 is also required for retinoid signaling during ocular development. Thus, we analyzed the morphology of living eyes of 21-day-old mice by optical coherence tomography (OCT) and confocal scanning laser ophthalmoscopy (cSLO). OCT revealed an overall intact lamination of retinal layers in Stra6 2/2 mice (data not shown). With cSLO, we found pathological alterations at the level of the choroid in the superior area of the eye cup (Fig. 4) . Angiography after an indocyanine green (ICG) injection indicated blood vessel leakage into this area (Fig. 4) . When compared with wildtype or heterozygous siblings, dissected eye cups of 28-day-old Stra6 2/2 mice displayed a discolored area in the superior retina (Fig. 5A ). Histological sections through this region showed Immunostaining for STRA6 (red) in eye sections of mice heterozygous (HET) and homozygous (KO) for the Stra6 null allele. Staining for RPE65 (green) was used to visualize the RPE and DAPI (blue) was used to stain the nuclei. ex, exon; OS, outer segments; IS, inner segments; ONL, outer nuclear layer.
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Human Molecular Genetics, 2014, Vol. 23, No. 20 morphological changes in the RPE and choroid. In the discolored regions, RPE cells manifested large vacuoles and reduced melanin content. The adjacent choroid also was morphologically altered and in some places it was absent (Fig. 5B ). Immunohistochemistry analyses for the RPE protein of 65 kDa (RPE65), a key protein of the visual cycle and a specific RPE marker, revealed decreased expression of this isomerase and reduced RPE cell sizes. In some areas, the choroid was thickened and not well connected to the RPE, whereas in others, the RPE was directly joined to the sclera due to complete lack of the choroid (Fig. 5C ). In inferior parts of the eyes, this pathology was not evident and the retina, RPE and choroid had a normal lamination (Fig. 5B) . Atrophy of the RPE and choroid also has been reported in patients suffering from RBP4 missense mutations (24) . Therefore, we investigated whether this pathology is characteristic for eyes with impaired vitamin A uptake by analyzing the eyes of Rbp4 2/2 mice. Similarly, a large discolored area was found in isolated eye cups of Rbp4 2/2 mice (Supplementary Material, Fig. S4A ). In contrast, mice deficient for LRAT that acts downstream of RBP4 and STRA6 in the pathway for chromophore production, did not display this pathology (Supplementary Material, Fig. S4A ). An explanation for this finding could be that RBP4 and STRA6 are already required for vitamin A homeostasis of developing eyes, whereas LRAT in conjunction with the retinoid isomerase RPE65 may play a significant role for vitamin A accumulation and chromophore production later in life. Analysis of mRNA expression patterns for Stra6, Lrat and Rpe65 confirmed this assumption. Induction of Lrat and Rpe65 mRNA coincided with the developmental time point when visual pigments in photoreceptor are produced around postnatal Day 8 (Supplementary Material, Fig. S4B ). Stra6 mRNA is highly expressed in embryonic stages and, as shown here, throughout all stages of postnatal eye development (Supplementary Material, Fig. S4B ).
STRA6 is required for vitamin A transport across the blood -cerebrospinal fluid barrier
Similar to the RPE, ependymal cells of the CP are derived from the ventricular lining of the brain (30) . The CP is a specialized structure that synthesizes and maintains cerebrospinal fluid (CSF) to provide nutrients including vitamin A to neurons (30) . STRA6 is highly expressed in this structure ( Fig. 6A ) (8) together with RBP4 and both vitamin A and RBP4 exist in the CSF (35, 36) . To assess whether Stra6 2/2 mice show impaired vitamin A transport across the CP, we immunostained their brain sections for RBP4. As it is well established that RBP4 is vitamin A dependently released from hepatocytes, we expected that RBP4 would accumulate in vitamin A deficiency (16) . In fact, IHC revealed stronger staining of RBP4 in ependymal cells of the CP in Stra6 2/2 mice as compared with littermates carrying the wild-type Stra6 allele (Fig. 6B) . Similar results were obtained by immunoblotting with protein homogenates from isolated CP in the fourth ventricle of wild-type and Stra6 2/2 mice (Fig. 6C ). RT-qPCR analysis targeting Rbp4 mRNA expression in the CP did not reveal significant differences between heterozygous and Stra6 2/2 mice, thereby eliminating the possibility that a genotypic difference influenced RBP4 expression in the CP (Fig. 6D ).
To analyze whether RBP4 accumulation in the CP affects vitamin A homeostasis in the CP and brain, we measured mRNA expression of the RA receptor b (RARb). RARb is the main retinoid-binding nuclear receptor of brain cells, including those in the ependyma, and its expression is influenced by retinoid status. RT-qPCR analysis revealed a statistically significant reduction in Rarb mRNA expression levels in the CP and the whole brain of Stra6 2/2 mice as compared with their wild-type littermates (Fig. 6E ).
Pharmacological intervention can restore vitamin A uptake in the eyes and brain
Previously, we had shown that pharmacological doses of retinoids are delivered to the eyes by RBP4/STRA6-independent pathways (37). Here we tested whether a pharmacological dose of vitamin A could bypass the blockage of vitamin A transport across the blood-CSF and blood -retina barriers of Stra6 2/2 mice. Thus, we treated 2-day-old Stra6 2/2 mice and littermates with single doses of vitamin A (60 mg/kg) that resulted in highly elevated levels of retinol (ROL) and retinyl esters (RE) in the blood ( Fig. 7A and B) . Unchanged levels of RBP4 indicated that retinoids were not bound to the vitamin A carrier (Fig. 7C) . One day later, we determined RBP4 levels in the CP of sectioned brains of mice. Treated Stra6 2/2 mice showed significantly reduced staining of RBP4 compared with their vehicle-treated Stra6 2/2 littermates. Quantification of RBP4 staining in treated Stra6 2/2 mice revealed that it was comparable to littermates carrying a wild-type Stra6 allele, indicating RBP4 release into the CSF ( Fig. 7D and E) .
We next tested whether a pharmacological intervention with retinoids could also bypass the block in vitamin A uptake of STRA6-deficient mouse eyes. To that end, we supplemented 28-day-old Stra6 2/2 mice (n ¼ 5) with a single dose of 0.5 mg vitamin A or vehicle. Two days later, we measured ERG responses of these eyes to different light intensities. These analyses demonstrated that this treatment significantly improved scotopic ERG responses of Stra6 2/2 mice ( Fig. 8A and B). Interestingly, photopic ERG responses did not improve after this intervention, likely due to the observed early cone photoreceptor cell death in the retina of the Stra6 knockout mouse model (Fig. 8C ). HPLC analysis of ocular retinoids directly confirmed that the ocular retinoid content greatly increased after the intervention with vitamin A (Fig. 8D ), demonstrating that a pharmacological dose of this vitamin can enter the eyes by an STRA6-independent uptake mechanism.
Role of STRA6 in vitamin A deficiency
Our mRNA expression profile analyses revealed that most peripheral tissues only express marginal levels of Stra6 mRNA (Fig. 2) . Accordingly, Stra6 2/2 mice were viable and did not display vitamin A deficiency in the blood and/or major storage compartments (Supplementary Material, Fig. S5 ). This observation confirmed previous studies and indicated that the vitamin A homeostasis of most tissues can be maintained by STRA6-independent pathways when copious amounts of dietary vitamin A are available. Hence, we next tested whether this picture could change when animals were subjected to dietary vitamin A deficiency. We subjected 4-week-old mice to dietary vitamin A restriction and determined retinoid levels at the beginning of the study and again after 6 and 14 weeks of restriction (five mice each). In Stra6 2/2 mice, ocular retinoid content continuously decreased and these compounds were hardly detectable in some mice after 14 weeks of this dietary intervention. In contrast, vitamin A content continuously increased in heterozygous siblings. This finding indicated that stored vitamin A was transported by RBP4 to the eyes and taken up by an STRA6-dependent mechanism in heterozygous mice, whereas this process failed in STRA6-deficient mice (Fig. 9A) . To demonstrate this redistribution of vitamin A from storage compartments to the eyes, we determined retinoid levels in the liver and lungs that comprise major storage places for vitamin A in the body. Retinoid levels in these organs decreased with time in both Stra6 +/2 and Stra6 2/2 mice during dietary vitamin A restriction (Supplementary Material, Fig. S6 ). However, in contrast to the eyes, Stra6 2/2 mice displayed significantly higher levels of stored retinoids as compared with heterozygous siblings. To exclude that differences between genotypes were caused by nonspecific defects, we performed OCT analysis of the eyes of vitamin A deprived mice and analyzed ocular retinoid levels in mice that were kept on a chow diet replete with vitamin A. OCT analyses of the eyes revealed a normal morphology, except for a slightly thinner outer nuclear layer (Fig. 9B) , demonstrating that the lack of retinoid uptake did not cause undue morphological changes in STRA6-deficient mouse eyes that might have prevented vitamin A accumulation. Furthermore, HPLC analyses revealed that 18-week-old Stra6 2/2 mice had increased ocular retinoid content when compared with 4-week-old animals, showing that their eyes can acquire dietary vitamin A by an STRA6-independent pathway when copious amounts of this retinoid are present in the diet.
Role of STRA6 in retinoid-induced cellular vitamin A uptake
This study confirmed our previous observation that ocular vitamin A supply is favored in vitamin A deficiency (16) . We also had reported that vitamin A uptake from circulating RBP4 can be induced by retinoid signaling in extraocular tissues. In this process, retinoic acid and/or synthetic retinoids can induce Stra6 and Lrat mRNA expression to remove RBP4 bound vitamin A from the circulation and store it in form of retinyl esters in the periphery (16, 38) . To determine if this process is disrupted in STRA6 deficiency, we treated mice homozygous and heterozygous for the Stra6 null allele with fenretinide (30 mg/ kg) (Fig. 10A) . Fenretinide can be metabolized to retinoic acid and induces vitamin A uptake from RBP4 in peripheral tissues as previously demonstrated by a comparative analysis of wildtype and Lrat 2/2 mice (16). RBP4 without bound vitamin A is then rapidly cleared from the circulation by glomerular filtration. As a control, we treated mice with compound A1120 (Fig. 10A) . This compound reduces blood RBP4 levels by disrupting the interaction of RBP4 with transthyrethin in an LRAT-independent mechanism (16, 39) . After treatment with different compounds, we drew blood from the tail veins of mice and measured RBP4 levels by immunoblotting. As expected, this treatment caused a transient decrease of RBP4 serum levels in mice heterozygous for the Stra6 null allele. In contrast, fenretinide had no such effect in Stra6 2/2 mice as documented by analyses of RBP4 serum levels (Fig. 10B) . Treatment with A1120 resulted in a rapid decrease of serum RBP4 levels, thus excluding that the lack of RBP4 clearance from the circulation of fenretinidetreated Stra6 2/2 mice was caused by an indirect effect (Fig. 10C) .
DISCUSSION
In the mid-1970s, the first biochemical evidence for a cell surface receptor for RBP4 was noted in the RPE cells of the eyes (40) . In the following years, such a receptor also was identified in the CP Figure 4 . Stra6 2/2 mice display impaired choroidal vascularization. Fundus imaging of 28-day-old mice heterozygous (HET) and homozygous (KO) for the Stra6 null allele was performed with a cSLO (SpectralisHRA2, Heidelberg Engineering, Heidelberg, Germany) and a 558 lens. The near infrared reflectance image (IR mode, 820 nm laser) was used to align the fundus camera relative to the pupil and thus acquire evenly illuminated fundus images. The ICGA mode (790 nm laser) was used for angiography. After 10 min, mice were injected intraperitoneally with ICG (15 mg/kg, Acros Organics). Arrows indicate the malformed area in the choroid of KO mice.
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of the brain, Sertoli cells of testis and the placenta by radiolabeling assays (for detailed review: 10). Importantly, this receptor not only bound RBP4 but also mediated vitamin A uptake into cells (10, 41) . In 2007, the molecular identification of an RBP4 receptor was achieved by an elegant strategy that stabilized the fragile RBP4 receptor interaction by protein cross-linking with recombinant-tagged RBP4 and high-affinity purification of the complex (9) . The RBP4 receptor turned out to be identical with the multidomain membrane protein STRA6 that previously had been identified as a retinoic acid-inducible protein (42) . However, despite emerging biochemical and molecular evidence for receptor-mediated cellular vitamin A uptake, the role of STRA6 in vitamin A biology remains controversial. Here, we provide evidence in a mouse model that STRA6 is a bona fide vitamin A transporter critical for vitamin A transport across epithelia that constitute blood -tissue barriers. We further show that the RBP4/STRA6-dependent transport system is subject to regulation by vitamin A and crucial in vitamin A deficiency. Implications of our findings for mammalian vitamin A biology and human disease states associated with mutations in STRA6 are discussed below.
Phenotypes of different Stra6 alleles
Our classical knockout approach for the generation of mutant mice was based on homologous recombination and insertion of a neo R cassette. Mice homozygous for the Stra6 allele with the neo R insertion developed progressive fatal hydrocephalus and died around weaning time. This pathology exhibited full penetrance and was observed in .100 animals homozygous for the Stra6 neo R allele but never occurred in heterozygous siblings. We first hypothesized that STRA6 deficiency caused this fatal brain phenotype. This hypothesis was supported by the high expression of Stra6 in cells that constitute the bloodbrain barrier, namely the brain microvasculature and the CP (8) . Additionally, brain anomalies such as a thin or absent corpus callosum, arhinencephaly and Dandy-Walker malformation have been reported for MWS patients (4 -6). Hydrocephalus has also been described in patients and experimental animal models exposed to excess and deficient levels of vitamin A (43-46) and the vitamin A derivative retinoic acid was recently implicated as a critical embryonic signal for induction of the blood -brain barrier (31) . However, the phenotype of our mouse model conflicted with the lack of overt brain pathologies in other STRA6-deficient mouse models (20, 22) . Thus, we speculated that hydrocephalus could be caused by transcriptional interference of the inserted neomycin cassette with neighboring genes and/or toxicity of the neomycin gene product. Thus, the neoR was removed by Cre-recombinase-mediated homologous recombination. In fact, mice homozygous for the floxed Stra6 null allele were viable and did not show the brain pathology of their forerunners. Interestingly, another Stra6 knockout mouse line with a deletion of exon 2 exists that shows no brain pathology despite neoR insertion (22) . The difference between In the inferior retina of KO mice, the outer nuclear layer reveals an altered stratification (arrow heads). Note that aside from these malformations, the outer segment layer is significantly reduced in the retina of KO mice. (C) (Top panels) Immunostaining for RPE65 (green) of cross-sections of the superior retina of 21-day-old mice HET and KO for the Stra6 null allele. (Bottom panels) Phase contrast pictures of the same area. Both pictures show a reduction of the RPE and a lack of the choroid in the diseased area of the superior retina. OS, outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer.
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Human Molecular Genetics, 2014, Vol. 23, No. 20 this and our mouse strain might be explained by the deletion of surrounding DNA. These researchers replaced a 2.7 kbp genomic fragment including exon 2 with a neo R cassette, whereas we only replaced a 608 bp genomic region (22) . Hence, our observations with different Stra6 alleles urge the careful evaluation of unexpected phenotypes in knockout mice strains that harbor a neo R insertion in the target gene.
Vitamin A transports across the CP and RPE
Radiolabeling studies indicate that the native RBP4 receptor is mainly expressed on epithelia that constitute a blood -tissue barrier such as the RPE and the CP (10, 36, 40) . Stra6 displays a similar expression pattern as the native receptor (8, 9) . Our study confirms in vivo that STRA6 is critical for vitamin A transport across these barriers. In the brain, ependymal cells of the CP synthesize RBP for the secretion of vitamin A into the CSF (36). In STRA6 deficiency, significantly higher amounts of RBP4 accumulated in the CP than in heterozygous siblings (Fig. 6 ). Treatment with a pharmacological dose of vitamin A led to a decrease of RBP4 levels in these cells indicative of RBP4's retinoid-dependent release (Fig. 7) . Vitamin A deficiency in the CP was corroborated by reduced Rarb mRNA levels in both the CP and the brain (Fig. 6) . Similarly, ocular vitamin A uptake was impaired in Stra6 2/2 mice. Consistent with the expression of Stra6 in the developing embryonic and postnatal eyes (8) (Supplementary Material, Fig. S4 ), Stra6 2/2 mice displayed ocular malformations (Figs 4 and 5) . In a large area of the superior eye cup, the choroid was not properly formed and the RPE was directly adjacent to the sclera of the eyes. Notably, we found a similar pathology in the eye cup of Rbp4 2/2 mice, suggesting that lack of RBP4 and STRA6 has comparable pathological consequences for the murine eye (Supplementary Material, Fig. S4 ). Since high-dose vitamin A supplementation did not improve these anomalies in Stra6 2/2 mice (data not shown), they likely are due to a lack of vitamin A uptake and production of RA during eye development. Evidence for developmental RA deficiency of the eyes previously has been obtained in STRA6-deficient mice (21) . In line with this observation, the malformations in the choroid of STRA6-deficient mice are consistent with the known role of RA in the patterning of periocular mesenchymal tissue (47) . Additionally, evidence from RPE cell cultures suggests an important role of RA in the regulation of RPE differentiation (48), proliferation (49), melanogenesis (50), barrier function (51) and angiogenesis gene expression (52, 53) . In another Stra6 knockout mouse model, a persistent primary vitreous body has been described (20) . We did not observe this pathology in our Stra6 2/2 mice, whereas the described malformations of the RPE and choroid had complete penetrance in all animals. Notably, the primary vitreous body is a transient structure consisting of fibroblastic cells stemming from the periocular mesenchyme and a capillary network given off by the hyaloid artery (20) . Hence, this pathology may result from a patterning defect of the periocular mesenchyme as well. In the retina, Stra6 2/2 mice displayed shortened rod outer segments and a highly reduced number of cones. These photoreceptor cell anomalies have previously been reported in other mouse models that display chromophore deficiency (Fig. 9) (54-57) . Together, our analyses indicated that STRA6 plays a role both for eye development and subsequent function and maintenance of photoreceptors.
STRA6 and vitamin A homeostasis
Our studies confirmed a previous observation that ocular vitamin A uptake was not completely abrogated in STRA6 deficiency (Fig. 3) (20) . Ocular retinoid content of Stra6 2/2 mice even increased during adolescence when mice were kept on a high vitamin A diet (Fig. 9 ), a phenomenon previously described in RBP4-deficient mice (11) . Similar to Rbp4 2/2 mice, most other peripheral tissues did not display altered retinoid levels in STRA6 deficiency (Supplementary Material, Fig. S5 ) (21, 22) . A minor role of STRA6 in vitamin A uptake of peripheral tissue is consistent with the very low expression levels of Stra6 mRNA in most peripheral tissues (Fig. 2) . These observations clearly indicate that vitamin A can be delivered to peripheral tissues by mechanisms that do not involve the retinoid channel and this process likely depends on dietary vitamin A from chylomicrons. Accordingly, the picture changed when we subjected mice to dietary vitamin A restriction during adolescence. In Stra6 2/2 mice, ocular vitamin A content continuously mice showed increased hepatic vitamin A levels as compared with their heterozygous siblings because vitamin A transport was impaired.
We have previously shown that retinoid uptake of the eyes is favored over other peripheral tissues under dietary vitamin A restriction (16) . This phenomenon is explained by a vitamin A-dependent regulation of this process in extraocular peripheral tissues that is correlated with transcriptional upregulation of both Stra6 and Lrat gene expression (16) . Direct involvement of STRA6 in this process was evidenced by our experiments with fenretinide (Fig. 10) . Treatment with this synthetic retinoid led to a rapid decrease in serum RBP4 levels in mice carrying a wild-type Stra6 allele but not in Stra6 2/2 mice. This finding implicates retinoid signaling in the regulation of vitamin A uptake homeostasis in extraocular peripheral tissues. In obese mouse models, Stra6 expression is highly decreased in adipocytes and serum RBP4 levels are increased (26) . Notably, fenretinide treatment induces retinoid signaling and improves insulin resistance in mice (58) . Hence, the role of STRA6 in regulating blood vitamin A homeostasis, including RBP4 levels, warrants further investigation.
In vitamin A deficiency, pulmonary retinoid levels continuously decreased in both Stra6 +/2 and Stra6 2/2 mice during dietary vitamin A restriction (Supplementary Material, Fig. S6 ). This decrease was at least partially caused by the consumption of stored vitamin A for the production of biologically active vitamin A derivatives that play important roles for the functioning of this tissue. Notably, Stra6 2/2 mice displayed significantly higher pulmonary levels of vitamin A as compared with their heterozygous siblings. The increased pulmonary retinoid levels of Stra6 2/2 mice during dietary vitamin A restriction might be explained by two different scenarios. First, the lack of ocular vitamin A uptake from RBP4 in STRA6 deficiency results in delivery of the cargo to the lungs. Pulmonary uptake then involves either the recently proposed RBP4 receptor 2 (59) or is mediated by passive diffusion (21) . Second, the increased pulmonary retinoid levels reflect the ability of STRA6 to transport vitamin A in both directions (13) . Thus, in dietary vitamin A deficiency, pulmonary vitamin A is delivered to the circulation to replenish unbound RBP4 with cargo. Such a role for STRA6 in leveling tissue vitamin A has recently been elegantly demonstrated for adipocytes (27) . In STRA6 deficiency, this process would be abrogated, thus explaining the increased pulmonary vitamin A levels in knockout mice.
Implications for MWS
Our analyses revealed that STRA6 plays a pivotal role in the development and functioning of murine eyes. In humans, both nonsense and missense mutations in STRA6 have been Human
associated with severe bilateral microphthalmia. This more severe manifestation of ocular malformations in STRA6 deficiency might be explained by differences in vitamin A biology between murine and human eyes. This assumption is corroborated by recent genetic evidence showing that mutations in the gene encoding the retinoic acid producing enzyme ALDH1a3 cause a similar eye phenotype in humans (60), whereas Aldh1a3 knockout mice display no microphthalmia (47, 61) . Additionally, the extrauterine eye development and delivery of dietary vitamin A via breast milk may make murine eyes less dependent on STRA6.
In humans, mutations in STRA6 are associated with birth defects ranging from isolated micropthalmia to the full spectrum of MWS with cardiac and pulmonary syndromes. In this respect, we propose that variability in maternal vitamin A status and delivery to the fetus may at least partially account for the variability of the STRA6 phenotype. Studies in mice demonstrate that both dietary and stored vitamin A can be transported through the fetal -maternal -blood barrier. Dietary vitamin A in chylomicrons is delivered to the embryo by a lipoprotein lipase-mediated mechanism (62) . Vitamin A from hepatic stores is delivered to the embryo through an RBP4-dependent transport process and such transport plays a critical role in dietary vitamin A deficiency (63) . Notably, dietary vitamin A restriction of Rbp4 2/2 mice leads to malformations in the offspring that resemble the birth defects described in MWS patients (63) . Biochemical evidence has been provided that an RBP4 receptor is expressed in the placenta that mediates vitamin A transport (64, 65) . In mice, it is yet not clear whether this receptor is STRA6 or the recently identified RBP4 receptor 2 that are both expressed in this tissue (59, 66) . Thus, variation of dietary vitamin A supply during critical periods of pregnancy could be an important modulator of MWS severity treatable by pharmacological doses of vitamin A. Stra6 2/2 mice will be a versatile future animal model to study this and other unresolved questions related to vitamin A homeostasis and its relationship to disease.
MATERIALS AND METHODS
Generation of Stra6 knockout mice
By a classical knockout approach, mice with a mutant Stra6 allele were generated by the inGenious Targeting Laboratory (Stony Brook, NY, USA). Briefly, through homologous recombination in embryonic stem cells, a 603 bp DNA fragment including exon 2 of the murine Stra6 gene (containing the translational start site) was replaced by a neomycin resistance expression cassette (neo R ) flanked by two loxP sites. The targeting strategy is illustrated in Figure 1A . After selection with G418 antibiotic, surviving clones were expanded for PCR analysis to identify recombinant embryonic stem cells. Homologous recombination was confirmed by Southern blotting and PCR and the resulting preparation was microinjected into C57BL/6 blastocysts. Chimeric mice were generated and screened for germ line transmission. Chimeric males were backcrossed with female C57BL/6 mice to produce offspring heterozygous for the Stra6 neomycin allele (Stra6 neo ). Heterozygous mice carrying the Stra6 neo allele then were crossed with B6.FVB-Tg(EIIacre)C5379Lmgd/J mice (Jackson Laboratories, Bar Harbor, ME, USA) to excise the neomycin cassette by Cre-recombinasemediated recombination. The EIIa promoter targets expression of Cre-recombinase to very early embryonic stages. Thus, neo R is lacking in a wide range of tissues including germ cells. In the offspring, we confirmed removal of neo R by PCR and DNA sequencing and designated the resulting allele as a Stra6 null allele (Fig. 1A) . Mice heterozygous for the Stra6 null allele were intercrossed to establish Stra6 2/2 mice.
Genotyping for recombinant Stra6 alleles
Genomic DNA was isolated and purified from mouse tail biopsies. Genotyping was carried out with a combination of different PCRs (Fig. 1) . PCRs were performed with the following primers: ′ -(5 ′ -CGT ACG CCG GCT TAA GTG TA-3 ′ ). The absence of Stra6 mRNA expression was confirmed with a primer set designed to amplify part of exon 3, all of exon 4 and part of exon 5. mRNA obtained from the RPE was isolated and retro-transcribed into cDNA (see below for details). Primers used for this purpose were; Stra6_mRNAup 5 ′ -TCA CTG TCG TTC CTG GTT CT-3 ′ ; Stra6_mRNAdown 5 ′ -GGC ATA GGT TGC TGA AGA GG-3 ′ . To further validate the absence of STRA6 in our knockout mouse model, we conducted dot blot, immunoblotting and IHC analyses with a commercially available antibody directed against the C-terminus of human STRA6 (Abcam) and murine STRA6 (EB07811) (Everest Biotech Ltd.); see below for more details. Hek293 cells overexpressing human STRA6 were used as a positive control in immunoblotting (13) .
Animals, husbandry and diets
Mice were maintained on either a regular chow diet (Prolab RMH 3000, vitamin A content 29 000 IU/kg diet) or a vitamin A-deficient diet based on the AIN-93 (Research Diets, Inc. New Brunswick, NJ, USA). Mice were kept with ad libitum access to food and water at 248C in a 12:12 h light -dark cycle. Assay for RPB4 release from the CP Two-day-old mice were given a single oral dose containing ROL (60 mg/kg body weight) dissolved in canola oil. Mice were anesthetized 24 h after treatment by intraperitoneal injection with 20 ml/g body weight of an anesthetic cocktail containing ketamine (80 mg/kg bw) and xylazine (20 mg/kg bw) diluted with 10 mM sodium phosphate (pH 7.2) and 100 mM NaCl. Blood then was collected for serum isolation and the brain was removed and immediately fixed for immunostaining analyses (see below).
Rescue of vision
Twenty-eight day old mice (n ¼ 3) were gavaged with 0.5 mg ROL in canola oil. Mice were anesthetized 24 h after the last treatment by a 20 ml/g bw intraperitoneal injection of an anesthetic cocktail containing ketamine and xylene (see above) and ERG measurements were performed (see below for details). Immediately afterwards, mice were euthanized prior to ocular retinoid quantification and histological analyses.
Electroretinography
All ERG procedures were performed using published methods (67) . Briefly, mice under a safety light were anesthetized by intraperitoneal injection of a ketamine/xylene anesthetic cocktail (see above for composition) and their pupils were dilated with 1% tropicamide. A contact lens electrode was placed on the eye and a reference electrode and ground electrode were positioned on the ear and tail, respectively. Both scotopic and photopic ERGs were recorded with a computerized system (UTAS E-3000; LKC Technologies, Inc., Gaithersburg, MD, USA).
HPLC analyses of retinoids
Retinoids were extracted from 100 ml of serum, one whole eyecup or a tissue homogenate in PBS containing 100 mg of tissue. All retinoid isolation procedures took place under a dim red safety light (600 nm). Hydroxylamine (200 ml, 2 M) was added to the eyecup before the tissue was homogenized. Retinoid extraction was performed twice with a mixture containing 200 ml of methanol, 400 ml of acetone and 500 ml of hexane. HPLC analysis was performed on a normal-phase Zorbax Sil (5 mm, 4.6 × 150 mm) column (Agilent, Santa Clara, CA, USA). Chromatographic separation was achieved by isocratic flow of 10% ethyl acetate/90% hexane at a flow rate of 1.4 ml/min. For quantification of molar amounts of retinoids, the HPLC was previously scaled with synthesized standard compounds. 
Total RNA isolation and RT-qPCR analyses
Total mRNA isolation was carried out with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to manufacturer's instructions. RNA concentration and purity was measured with a Nano-drop spectrophotometer (ND-1000, Thermo Scientific). The Applied BioSystems retrotranscription kit (Applied BioSystems) was used to reverse transcribe 0.5 mg of total RNA to cDNA. RT-qPCR was carried out with TaqMan probes (Applied BioSystems ) for STRA6 (Mm00486457_m1) and RBP (Mm00803266_m1). A b-actin (Mm01205647_g1) probe set was used as an endogenous control. All real-time experiments were done with an ABI Step-One Plus RT-qPCR instrument (Applied BioSystems).
Treatment with RBP-lowering agents: blood and tissue collection
At 8 a.m., a small blood sample was collected from the tail vein of each mouse to determine the RBP level at time point (t ¼ 0) and kept on ice until serum separation. Immediately thereafter, animals were gavaged with 30 mg/kg body weight of either fenretinide (Toronto Research Chemicals, Canada) or A1120 (Sigma, St. Louis, MO, USA) dissolved in 200 ml canola oil with the same volume of canola oil used as a vehicle control. Tail vein blood samples were collected at 4, 8 and 24 h after treatment.
To determine RBP4 serum levels, 2 ml of serum was diluted with 40 ml of PBS containing complete Mini EDTA-free protease inhibitor (Roche Diagnostics, Indianapolis, IN, USA), and 4 ml of this solution was used for immunoblot analysis. SDS-PAGE and immunoblotting were performed as described above.
Histological staining and analysis of brain sections
For histological and immunohistochemical analysis of central nervous system tissues, mice under anesthesia provided by a mixture containing ketamine (80 mg/kg bw) and xylazine (20 mg/kg bw) in 10 mM sodium phosphate, pH 7.2, with 100 mM NaCl were perfused with 4% paraformaldehyde solution in PBS. Thirty-micrometer-thick coronal sections of the brain were cut on a Leica cryostat CM1850 (Leica Microsystems, Buffalo Grove, IL, USA). Nissl staining was performed for global brain visualization. Three to six free-floating sections from each mouse were used (4-6 animals per genotype) for IHC analyses. Sections were blocked and permeabilized for 1 h in blocking buffer (phosphate saline buffer and triton 0.1%, with 5% goat serum (Sigma) and 1% bovine serum albumin (Sigma) and then incubated overnight at 48C with primary rabbit polyclonal anti-RBP (DakoCytomation) antibody at a 1:400 dilution in blocking buffer. Following incubation, RBP4 was treated with anti-rabbit conjugated Alexa 488 secondary antibody (Invitrogen) at 1:400 dilution in blocking buffer and counterstained with DAPI nuclear stain.
Histology and immunohistochemistry of eye sections
For histology, mouse eye cups were first fixed overnight by immersion in 5% glutaraldehyde/4% paraformaldehyde, pH 7.4, at 48C. Then they were washed with 0.13 M sodium phosphate, pH 7.3, and secondarily fixed with 1% OsO 4 in 0.1 M sodium phosphate, pH 7.4, for 2 h at room temperature. Eye cups subsequently were dehydrated through an ethanol series (50, 70, 80, 90, 95 and 100%), transitioned to epoxy embedding medium with propylene oxide, and embedded for sectioning in Eponate 812. Sections for morphological study were cut at 1 mm with a microtome (Leica RM2255) and stained with toluidine blue. Digital images were captured with a Leica CRT 6000 microscope.
For immunohistochemistry, mouse eye cups were fixed with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) for 2 h. Fixed tissues were dehydrated with 30% sucrose in PBS, embedded in Optimal Cutting Temperature compound sucrose mixture (1:1 Optimal Cutting Temperature compound/ 30% sucrose in PBS), and then frozen as described previously (69) . Cryosections (12 mm thick) were cut with a cryostatmicrotome (CM1850, Leica); incubated with primary antibodies: mouse monoclonal 1D4 (1 mg/ml, 1:10 000; anti-rod opsin, from R. Molday, University of British Columbia), mouse monoclonal KPSA1 (anti-RPE65, 1:400, generated in K. Palczewski Laboratory) or biotylated-peanut agglutinin (PNA, for labeling cones, 1:400 from Vector Laboratories); and visualized with goat anti-mouse Alexa Fluor Cy3 -or 488-conjugated IgGs (1:500, Jackson ImmunoResearch Laboratories Inc.) for 1D4 and KPSA1, or Alexa Fluor 488-conjugated streptavidin (1:500, Invitrogen) for PNA. Nuclei were counterstained with DAPI. Fluorescence was detected with a confocal microscope (TCS SP5, Leica).
SD-OCT and fundus acquisition
With pupils fully dilated with 1% tropicamide (Falcon Pharmaceuticals, Fort Worth, TX, USA), mice were anesthetized with
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an intraperitoneal injection of ketamine (100 mg/kg, Ketaset, Fort Dodge, IA, USA) and xylazine (4 mg/kg, AnaSed, Lloyd Laboratories, Shenandoah, IA, USA). Whiskers were trimmed carefully to avoid image artifacts. OCT images were acquired with linear B-scan mode by employing ultra-high-resolution SD-OCT (Bioptigen). Mouse fundus imaging was then performed with a cSLO (SpectralisHRA2, Heidelberg Engineering, Heidelberg, Germany) with a 558 lens. The near infrared reflectance image (IR mode, 820 nm laser) was used to align the fundus camera relative to the pupil to obtain an evenly illuminated fundus image. An ICGA mode (790 nm) laser was used for angiography 10 min after mice were injected intraperitoneally with ICG (15 mg/kg, Acros Organics, NJ, USA).
MRI and CT scans
MRI scans were performed with three mice per genotype. All animals were anesthetized with 1 -3% isoflurane anesthesia in oxygen gas during the imaging scans. For MRI imaging procedures, high-resolution (117 × 117 mm) coronal and sagittal images were acquired by multiecho spin echo acquisition (TR/ TE ¼ 3000 ms/12 ms) on a Bruker Biospec 9.4T MRI scanner (Bruker Biospin, Billerica, MA, USA). Slice thicknesses of 500 and 700 mm were used for coronal and sagittal images, respectively. Mice were scanned with a Siemens Inveon CT scanner to obtain whole animal high-resolution (e.g. 29 mm) 3D anatomic images.
